Orthohantaviruses are globally emerging zoonotic pathogens. Human infections are characterized 27 by an overt immune response that is efficient at counteracting virus replication but can also cause 28 severe tissue damage. In contrast, orthohantavirus infections in rodent reservoir hosts are persistent 29 and asymptomatic. The mechanisms facilitating asymptomatic virus persistence in reservoir hosts 30 are not well understood but could help to guide therapeutic strategies for human infections. Here we 31 report on a study using in vivo and in vitro experiments to investigate immune responses associated 32 with persistent Puumala orthohantavirus (PUUV) infections in the bank vole (Myodes glareolus), its 33 reservoir host. We examined adaptive cellular and humoral responses by quantifying changes in T-34 cell related gene expression in the spleen and immunoglobulin (Ig) responses in blood, respectively. 35 Since existing Vero E6-cell adapted hantavirus isolates have been demonstrated to have lost their 36 wild-type infection characteristics, infections were conducted with a novel PUUV strain isolated on 37 a bank vole cell line. Whole virus genome sequencing revealed that only minor sequence changes 38 occurred during the isolation process, and critically, experimental infections of bank voles with the 39 new isolate resembled natural infections. In vitro infection of bank vole splenocytes with the novel 40 isolate demonstrated that PUUV promotes immunoregulatory responses by inducing interleukin-10, 41 a cytokine strongly associated with chronic viral infections. A delayed virus-specific humoral 42 response occurred in experimentally infected bank voles, which is likely to allow for initial virus 43 replication and the establishment of persistent infections. These results suggest that host 44 immunoregulation facilitates persistent orthohantavirus infections in reservoir hosts. 45 46 Importance 47
the interferon-inducible myxovirus resistance protein 2 (Mx2) mRNA after exogenous activation of 151 non-infected and infected cells with the toll-like receptor 3 (TLR3) agonist polyI:C or with Sendai 152 virus (SeV, also known as Murine respirovirus). Firstly, supporting the immune competence of 153 Mygla.REC.B cells, a significant upregulation of Mx2 mRNA occurred in non-infected cells with 154 both stimulants (~100-fold and 2000-fold by polyI:C and Sendai virus, respectively, Fig. 2A ). 155 Secondly, non-and polyI:C-stimulated PUUV-infected cells showed higher levels of Mx2 mRNA 156 than non-infected cells. PUUV and Sendai virus superinfection had a significant synergistic effect 157 on Mx2 mRNA production ( Fig. 2A) . These findings suggest that Mygla.REC.B cells are capable 158 of interferon signaling but that persistent PUUV-Suo infection does not impair this pathway. Experimental PUUV-Suo infection resembles natural infection in bank voles 169 Following experimental infection of bank voles with PUUV-Suo or a mock inoculum (PBS), the 170 amount of PUUV S segment RNA was measured in lungs, spleen, kidney and blood of voles at 3d, 171 and 1, 2 and 5 weeks (wks) post infection (pi). Viral RNA was similarly measured in the urine of 172 experimentally infected voles at 3d, and 1 and 2wks pi. As another control, virus RNA load and 173 RNA distribution in tissues were also assessed at 2 and 5wks pi from voles inoculated with UV-174 inactivated PUUV-Suo isolate. PUUV RNA was detected in all organs of PUUV-Suo infected voles from 3 dpi onwards (Fig. 3A) , 177 but not in mock-infected animals nor those inoculated with UV-inactivated virus (data not shown). 178 Highest PUUV RNA levels occurred in the lungs at 3d and 1wk pi and decreased thereafter, with 179 increased levels then observed in the spleen (at 2 and 5wk pi) and kidneys (at 5wk pi). PUUV RNA 180 was detected in the blood of one vole at 3 dpi, suggesting that if PUUV-Suo caused viremia it 181 occurred very early during infection. We also detected PUUV RNA in the urine of all tested PUUV-182 Suo infected bank voles (n = 7), suggesting virus shedding. 198 Besides endothelial cells in renal glomerula and in some capillaries of the liver, kidney, lungs and 199 heart ( Fig. 4A, B ), pneumocytes (mainly type II) and macrophages in liver (Kupffer cells) and 200 9 spleen (red pulp macrophages) were found to be occasionally positive (Fig. 4B ). In one animal with 201 a higher number of positive cells, viral antigen was also detected in tubular epithelial cells in the 202 renal cortex and medulla. All PUUV-Suo and PUUV-Kazan infected voles, which were infected for at least one week, 221 seroconverted to produce PUUV-specific Ig but with contrasting kinetics (Fig. 5A ; the assay does 222 not discriminate between Ig-subclasses). For PUUV-Suo, specific Ig-titers were low at 1wk but 223 peaked at 2wks pi. This was significantly different from PUUV-Kazan infected voles, in which 224 highest PUUV-specific Ig titers were detected at 1wk pi. For PUUV-wt, only one of three infected 225 voles had seroconverted at 3 wks pi ( Fig. 5A ).
227
Next we measured total IgG levels in the blood of experimentally infected voles. Compared to 228 mock-infected animals at 2wks pi, voles infected with PUUV-Suo showed elevated total IgG levels, 229 while no difference was observed between voles infected with the PUUV-Kazan or the mock 230 inoculate at 1wk and 2wks pi (Fig. 5B ). The two PUUV-wt infected voles analyzed had elevated 231 total IgG levels when compared to mock-infected voles ( Fig. 5B ), despite only one showing a 232 PUUV-specific response ( Fig. 5A ).
234
To gain further insights into whether total IgG levels were comprised predominantly of PUUV-235 specific responses in experimentally infected voles, PUUV-specific Ig and total IgG titers were 236 assessed also in naturally PUUV-infected voles. Despite detecting PUUV-specific responses at 237 levels comparable to experimentally PUUV-Suo infected voles, total IgG in naturally infected voles 238 was not elevated when compared to non-infected voles ( Fig. 5C ), suggesting that the acute total IgG 239 response towards PUUV-Suo infection involves PUUV non-specific IgG.
241

Minor effects of PUUV infection on splenic T cell related gene expression 242
To assess the potential effects of experimental PUUV infection on T cell differentiation, we assayed isolates, which is likely to be a key factor in hantavirus persistence. Experimentally infected voles 278 also exhibited a delayed PUUV-specific humoral response, suggesting that PUUV has developed 279 mechanisms to evade host immune recognition.
281
The isolation of hantaviruses in cell culture is rare and has so far typically been achieved using 282 interferon type 1-deficient cells (Vero E6 cells) derived from African green monkeys (25) The increase in IL-10 expression due to PUUV in bank vole splenocytes is not surprising given the Inadequate humoral responses have not been previously considered as a mechanism of persistent 354 hantavirus infections in reservoir hosts. This is due to observations of strong virus-specific IgG 355 responses and high neutralizing antibody titers in hantavirus infected wild rodents (36) (37) (38) . 356 Therefore, our finding that PUUV-specific Ig responses were significantly delayed in voles infected 357 with PUUV-Suo was unexpected, as was the lack of seroconversion in two of three bank voles 358 infected with PUUV-wt. Interestingly, an acute increase in total IgG levels that cannot be solely Our results show that a hantavirus isolated using allogeneic reservoir host cells may retain wild-type 368 characteristics better than a Vero E6-adapted virus, and should be considered as the preferred 369 method for future hantavirus isolations and experimental infections. Using these techniques, we 370 demonstrated that immune regulatory mechanisms are likely to facilitate persistent PUUV 371 infections in bank voles, which provide insights into other difficult to study wildlife-hantavirus 372 systems and may help guide novel therapeutic strategies for human infections. into 6-well plates. After 5-7 days, primary cell growth could be observed, and medium was 392 renewed. Primary cells were immortalized when confluency of 40-50% was reached by using a 393 lentiviral system carrying the large T antigen of SV40, as described previously (43). Once an 394 increase in cell proliferation was observed, cells were further passaged and cryoconserved. For virus isolation, a serologically confirmed PUUV-infected bank vole from Suonenjoki, Finland 398 and representing Eastern evolutionary lineage, was euthanized and lung samples were collected and 399 frozen at -70 °C. The frozen lungs were then homogenized with a mortar and pestle in 1 ml of 400 phosphate-buffered saline (PBS) over dry ice. After thawing, 500 µl of the homogenate was 401 incubated for 1 h with semi-confluent Mygla.REC.B cells, which were grown similarly as described 402 above. Mygla.REC.B cells were passaged at 3-day intervals until 100% of cells were found to be 403 infected with PUUV via immunofluorescence assay as described below. We named the newly 
